We investigate the prolate-to-oblate shape phase transitions in the neutron-rich Pt, Os and Ir nuclei in the mass A ≈ 190 region. The Hamiltonian of the interacting boson-fermion model, used to describe the odd-mass [185][186][187][188][189][190][191][192][193][194][195][196][197][198][199][185][186][187][188][189][190][191][192][193] Os and 185−195 Ir isotopes, is partially constructed by using as a microscopic input the results of constrained self-consistent mean-field calculations within the Hartree-Fock-Bogoliubov method with the Gogny force. The remaining few parameters are adjusted to experimental data in the odd systems. In this way the calculations reasonably describe the spectroscopic properties of the odd-mass systems considered. Several calculated observables for the odd-mass nuclei, especially the low-energy excitation spectra and the effective deformation parameters, point to a prolate-oblate shape transition as a function of the neutron number for all the isotopic chains considered and similar to the one already observed in the neighboring even-even systems.
I. INTRODUCTION
One of the most prominent features of the atomic nucleus is that it organizes itself into various types of geometrical shapes [1] that often evolve gradually as functions of the nucleon number within an isotopic or isotonic chain. In some instances, however, such shape evolution takes place abruptly at particular nucleon numbers. This phenomenon is known as a (quantum) shape phase transition [2] . Over the past decades, numerous experiments have been carried out to measure observables signaling such phase transitions [2] . Theoretical calculations have also been carried out within several frameworks [2] [3] [4] [5] [6] . Typical examples of shape phase transitions are, the spherical-to-axially-deformed [7] and the spherical-to-γ-soft [8] ones. Other types of transitions include the one that occurs between prolate and oblate configurations going through a transitional γ-soft shape [9] .
Nuclear shape transitions have been well studied for even-even nuclei. There is, however, a wealth of experimental information for odd-mass systems that remains to be analyzed from a theoretical perspective. Within this context, it is particularly interesting to consider the nature of phase transitions in those odd-mass nuclei and how they correlate with the ones in the neighbouring even-even systems [10] . However, the theoretical description of odd-mass nuclei tends to be more cumbersome than for even-even systems, as one needs to take into account both collective and single-particle degrees of freedom on an equal footing [11] .
The aim of this paper is to study the effect of the odd particle on the prolate-to-oblate shape transition in neutron-rich nuclei with mass number A ≈ 190. To this end, we have selected the odd-mass systems 185 Os, are considered to be good examples of the prolate-to-oblate shape transition. In many cases γ-soft shapes are also found. Therefore, they represent a stringent test for nuclear structure models. In order to describe spectroscopic properties, we have resorted to the recently developed method of Ref. [12] , based on the nuclear energy density functional (EDF) theory and the particle-core coupling scheme [13, 14] . The method has already been applied to study the spherical-to-axially-deformed [15, 16] and spherical-to-γ-soft [17, 18] shape phase transitions as well as octupole correlations in neutron-rich Ba nuclei [19] . The robustness of the method has been studied using both nonrelativistic [16] and relativistic [17] EDFs.
In this work, the even-even Pt and Os nuclei are described within the neutron-proton interacting boson model (IBM-2) [20, 21] built on the neutron (proton) s ν and d ν (s π and d π ) bosons, which represent correlated J π = 0 + and 2 + pairs of valence neutrons (protons) [20] . On the other hand, the particle-core coupling is considered within the neutron-proton interacting bosonfermion model (IBFM-2) [14, 22] . Similar to our previous studies [16, 18] , which were based on the simpler IBM-1 model [16] , the strength parameters for the IBM-2 Hamiltonian, the single-particle energies and the occupation probabilities of the odd particle, are determined by constrained self-consistent mean-field calculations based on the Gogny-D1M EDF [23, 24] . The coupling constants of the boson-fermion interaction are the only free parameters of the model. They are specifically fitted to reproduce the low-lying excitation spectrum for each oddmass nucleus. The IBFM-2 phenomenology has already been considered in this region of the nuclear chart [25] . However, in this work we resort to a microscopic input obtained from the Gogny-D1M EDF framework, i.e., the IBM-2 Hamiltonian parameters, single-particle energies and occupation probabilities are determined within the HFB framework. In a previous study [26] , we have already considered even-even nuclei in this mass region, including the Pt and Os ones studied here, with the IBM-2 Hamiltonian parameters derived from HFB calculations based on the Gogny-D1M EDF. In this work, we will take the IBM-2 Hamiltonian parameters for the even-even nuclei from Ref [26] and focus on the remaining ones to study the odd-mass nuclei. Let us also mention that other theoretical frameworks, like the symmetryprojected generator coordinate method (GCM) for odd mass systems [27, 28] and the large-scale shell model [6, 29] , could be employed. However, they are computationally much more demanding for heavier and/or openshell nuclei. Hence, computationally feasible schemes, such as the particle-vibration coupling [11] , represent a more feasible alternative and have often been considered in the literature, e.g., [30] .
The paper is organized as follows. In Sec. II, we briefly outline the theoretical framework used in this study. There, we will also discuss the Gogny-HFB deformation energy surfaces as well as the parameters of the Hamiltonian. Then, in Sec. III, we discuss the spectroscopic properties of the considered nuclei. We briefly review the results obtained for even-even nuclei in Sec. III A. The systematics of the low-lying yrast levels in the oddmass nuclei is presented in Sec. III B. More detailed level schemes and electromagnetic properties for some selected odd-mass nuclei are discussed in Sec. III C. As yet another signature of the prolate-to-oblate shape transition, in Sec. III D, we consider effective β and γ deformations. Finally, Sec. IV is devoted to the concluding remarks.
II. BUILDING THE INTERACTING BOSON-FERMION HAMILTONIAN
The IBFM-2 Hamiltonian is comprised of the IBM-2 HamiltonianĤ B [26] , the Hamiltonian for the odd nucleonĤ F , and the boson-fermion interactionĤ BF :
In this expression, the doubly-magic nucleus 208 Pb is taken as the inert core. In the IBM-2, the number of neutron (proton) bosons N ν (N π ) is equal to half the number of valence neutrons (protons) and is counted as the number of holes in the latter half of a given major shell. In the present case, all the bosons are hole-like and therefore 2 ≤ N ν ≤ 9 and N π = 2 for Os have been previously determined [31] by mapping the (β, γ)-deformation energy surface, computed within the constrained Gogny-D1M HFB approach, onto the expectation value of the IBM-2 Hamiltonian in the boson condensate state [32] . For a more detailed account of the whole procedure, the reader is referred to Refs. [26, 31, 33] . The parameters obtained via the mapping procedure can be found in Table I of Ref. [26] . In Fig. 1 we have depicted the Gogny-D1M energy surfaces for those even-even Pt and Os nuclei corresponding to the prolate-oblate transitional regions. Results for other nuclei can be found in Ref. [4] . Note, that in Ref. [4] we have resorted to the Gogny-D1S [34] EDF. However, the mean-field surfaces obtained with the parametrization D1S are essentially the same as the ones provided by the parameter set D1M. [26] .
The second term in Eq. (1) reads,Ĥ F = j jτ (a † τ,j × a τ,j )
(0) , with j being the single-particle energies of the orbitals for the odd neutron (τ = ν) or proton (τ = π). As fermionic valence space for the odd-N Pt and Os nuclei, we have taken the whole neutron N = 82−126 major shell: 3p 1/2 , 3p 3/2 , 2f 5/2 , 2f 7/2 , 1h 9/2 for negative-parity states and 1i 13/2 for positive-parity states. For the odd-Z Ir isotopes we have taken the whole proton Z = 50−82 major shell: 3s 1/2 , 2d 3/2 , 2d 5/2 , 1g 7/2 for positive parity and 1h 11/2 for negative-parity states. Note that all the valence particles are treated here as holes. Therefore, for an odd-mass nucleus with mass A, its even-even neighbor with mass A + 1 is taken as the even-even boson core. For the boson-fermion interaction termĤ BF in Eq.
(1), we use an expression similar to the one used in previous studies [25, 35] : dynamical terms, with the bosonic quadrupole operator for protonQ (2) π and neutronQ (2) ν , respectively. The fermionic quadrupole operator for the odd neutron or proton reads:q
where
represents the matrix element of the fermionic quadrupole operator in the considered singleparticle basis. The third and fourth terms in Eq. (2) are the exchange interactions. They are introduced to account for the fact that bosons are built from nucleon pairs and are given by [22, 25] 
with a similar expression forV νπ . In Eq. (4),
The fifth and sixth terms in Eq. (2) are the monopole interactions withn dν andn dπ the number operators for neutron and proton d bosons, respectively, while the number operator for the odd fermion
The boson-fermion HamiltonianĤ BF in Eq. (2) has been justified from microscopic considerations based on the generalized seniority scheme [14, 35] . Both the quadrupole dynamic and exchange terms act predominantly between protons and neutrons (i.e., between odd neutron and proton bosons and between odd proton and neutron bosons) [22] , while the monopole interaction acts between like-particles (i.e., between odd neutron and neutron bosons and between odd proton and proton bosons) [14] .
The single-particle energies jτ and occupation probabilities v 2 j of the odd nucleon at the j orbital are obtained from Gogny-D1M HFB calculations constrained to quadrupole moment zero. Note that this is a standard HFB calculation without blocking. However, the particle number is constrained to odd N or Z. For more details, see Ref. [16] .
The coupling constants Γ ν , Γ π , Λ ν , Λ π , A ν , and A π in Eq. (2) 
(d)) in going from
185 Pt to 187 Pt. As shown later in Fig. 8 , the abrupt change observed is very likely a consequence of the evolution of the low-lying positive-parity level structure when going from one nucleus to the other. Furthermore, as can be seen from Figs. 2(e) and 2(f), the monopole strength A ν is chosen to be zero in many of the studied nuclei. Nevertheless, a relatively large value is needed for the transitional regions, i.e., 189, 191 Pt and 189,191 Os. The Γ π , Λ π and A π values for the odd-Z Ir isotopes are shown in Fig. 3 . They are also nearly constant or change only moderately as functions of the neutron number N . Since the monopole interaction turns out to play a major role for most of the considered Ir nuclei, its strength parameter is much larger in magnitude than in the case of the odd-mass Pt and Os nuclei.
In addition, we plot in Figs. 4 and 5 the single-particle energies and occupation probabilities used in the present study for the considered odd-mass nuclei.
The IBFM Hamiltonian of Eq. (1), with parameters determined via the mapping procedure, has been diagonalized to obtain excitation spectra and electromagnetic transition rates. For the later, E2 and M1 operators similar to those in Refs [16, 18] have been used. The effective bosonic charge has been taken to be the same for both protons and neutrons, with a value e 
III. RESULTS FOR SPECTROSCOPIC PROPERTIES
In this section, we discuss the results of this study. First, in Sec. III A, we briefly discuss the results obtained for even-even nuclei. The systematics of the low-lying yrast levels in the odd-mass nuclei is presented in Sec. III B. A more detailed analysis of the level schemes and electromagnetic properties for some selected odd-mass nuclei is presented in Sec. III C. Finally, in Sec. III D, we consider effective β and γ deformation parameters as another signature of the prolate-to-oblate shape transition.
A. Even-even nuclei and the B(E2) value B2γ. For more details, see the main text. Open circles, connected by lines, represent the theoretical values while solid diamonds represent the experimental data taken from Refs. [36, 37] . The symmetry limits R42 = 2.0 (U(5)), 2.5 (O(6)) and 3.3 (SU(3)), and R4γ = 1.0 (O(6)) of the IBM [21] are also indicated.
Let us first consider how the IBM-2 Hamiltonian, extracted from the Gogny-D1M HFB calculations via the mapping procedure, describes the spectroscopic properties of the even-even nuclei. To this end, in Fig. 6 , we have plotted spectroscopic properties of 186−200 Pt and 186−194 Os as functions of the neutron number N . The symmetry limits R 42 = 2.0 (U(5)), 2.5 (O(6)) and 3.3 (SU(3)) and R 4γ = 1.0 (O(6)) of the IBM [21] , are also indicated in the figure. As can be seen in Fig. 6(a) , both the theoretical and experimental R 42 = E(4 + 1 )/E(2 + 1 ) ratios for Pt isotopes do not change too much and are located around the O(6) limit R 42 ≈ 2.5. On the other hand, from Fig. 6(a) , one observes that the theoretical ratio R 42 systematically overestimates the experimental one for the heavier isotopes. This might be a consequence of the pronounced ground state deformation in the corresponding Gogny-D1M energy surfaces when approaching the neutron closed shell N = 126. As a result, the IBM-2 model provides a more rotational-like spectrum. The R 42 , displayed in Fig. 6 for Os isotopes, changes rather fast with N compared to the Pt isotopes. The energy ratio R 4γ = E(4
188 Pt (N = 110) and 192 Os (N = 116), being close to the O(6) limit of R 4γ = 1.0. This indicates that those nuclei represent the most γ-soft among the considered systems. Indeed, the Gogny-D1M energy surface for 188 Pt exhibits the most pronounced triaxial minimum at γ ≈ 30
• (see, Fig. 1 ). As can be seen from Fig. 6(b) , both theoretically and experimentally, the ratio R 4γ remains rather constant in the case of Pt isotopes. However, the experimental R 4γ values are systematically underestimated for N ≥ 112. This may be due to a similar reason as with the discrepancy in R 42 already mentioned.
The spectroscopic quadrupole moment Q 2
for the 2
state, displayed in Figs. 6(c) and 6(g), represents a useful measure of whether the nucleus is prolate or oblate. As can be seen in Fig. 6(c Pt. This is consistent with the prolate-to-oblate shape transition observed at the mean-field level in Fig. 1 . A similar observation can be made for the Os isotopes in Fig. 6(g) . Furthermore, the B 2γ = B(E2; 2 + 2 → 2 + 1 ) transition probability provides a stringent test for γ-softness. For both Pt and Os isotopes, it shows a peak at N = 110 (Fig. 6(d) ) and 116 (Fig. 6(h) ). N = 107 to 109 for both parities, can be regarded as a signature of structural evolution and correlates well with the shape transition that occurs in the corresponding eveneven systems. Indeed, the Gogny-D1M energy surfaces (see, Fig. 1 ) suggest the transition from prolate ( 186 Pt) to triaxial shapes ( 188 Pt). For N = 109 − 113, both theoretically and experimentally as well as for both parities, a similar low-lying level structure is observed. However, as seen from Fig. 7(a) , another signature of the shape transition appears in the case of the negative-parity states for odd-N Pt isotopes, i.e., at the neutron number N = 113 many states are found below 0.3 MeV excitation energy while those levels higher than the J = 5/2 − one go up rapidly for larger N . This also correlates well with the Gogny-D1M energy surfaces obtained for even-even nuclei (see, Fig. 1 the Gogny-D1M energy surfaces (see, Fig. 1 ) suggesting a transition from a triaxial shape at 192 Os (N = 116) to an oblate-soft one at 194 Os (N = 118). At N = 109 and 111, the predicted ground-state spins for positive parity states ( Fig. 10(a) ) do not coincide with the experiment (Fig. 10(b) ). This results from the fact, that the bosonfermion parameters for those nuclei have been chosen so as to reproduce the overall level structure up to the spin J ∼ 19/2 + . However, we have also verified that if one attempts to reproduce the experimental ground-state's spin for 185, 187 Os, the whole spectrum becomes too compressed.
Similar observations apply to the results for the odd-Z Ir nuclei, depicted in Figs. 11 and 12. For example, both the theoretical and experimental negative-parity spectra in Figs. 11(a) and 11(b) , respectively, suggest a rapid structural change in going from N = 110 to 112. At those neutron numbers, the corresponding even-even Pt core nuclei undergo a structural change in their energy surfaces and spectroscopic properties (see, Figs. 1 and 6 ). 
C. Detailed level schemes for selected odd-mass nuclei
In this section, we present a more detailed analysis of the nuclei 195 Pt, 189 Os and 191 Ir, taken as illustrative examples. For them, abundant experimental information, especially for electromagnetic properties, is available for a detailed comparison with the theory predictions.
As can be seen from Fig. 13 , our calculations reproduce reasonably well the experimental negative-parity yrast states for 195 Pt. However, the predicted non-yrast levels tend to be overestimated like, for example, those experimental levels around ≈0.2 MeV excitation energy. The discrepancies occur mainly because the single-particle energies and v 2 j values used in the calculations may not be realistic enough to reproduce those levels. On the other hand, the agreement between the theoretical and experimental positive-parity levels is reasonable.
In Table I , we compare the predicted and experimental transition rates B(E2) and B(M 1) as well as the spectroscopic quadrupole Q J and magnetic µ J moments. The overall agreement is reasonably good. However, there are also some noticeable discrepancies. For instance, both the B(E2; 5/2 For 189 Os, as seen in Fig. 14 , the obtained level structure is similar to the one for 195 Pt. However, the negative-parity spectrum differs from the experimental one, for example, with respect to the ground-state spin. In addition, the very low-lying 9/2 − 1 level near the ground state could not be reproduced. Empirically, the 9/2 − 1 state arises from the 1h 9/2 orbital coming closer to the Fermi surface [36] . However, in the calculations the single-particle energy for the 1h 9/2 orbital lies much higher than all the other orbitals (see, Fig. 4(c) ). Let us remark, that such a feature cannot be controlled via three boson-fermion interaction strengths alone.
In Table II we compare the electromagnetic properties obtained for 189 Os with the available experimental data [36, 37] . Most of the discrepancy is found for those transitions that involve non-yrast states. Note that, indeed, the energy levels corresponding to those states are neither properly reproduced.
In Fig. 15 we compare the excitation spectra for 191 Ir. Both the positive-and negative-parity states are rather well described. The electromagnetic properties computed for this nucleus are given in Table III . Although the corresponding energy levels are reasonably well described, some transition strengths, like the B(E2; 1/2 + 1 → 3/2 + 1 ) one, are significantly underestimated. The reason is that the IBFM-2 wave functions of the 3/2 + 1 and 1/2 + 1 states are mainly built from the 2d 3/2 (54 %) and 3s 1/2 (58 %) single-particle configurations, respectively. As a consequence, the E2 matrix element between the two states becomes too small. Keeping in mind that the employed model contains only three free parameters for each nucleus, the predicted electromagnetic properties in Table III for 191 Ir, together with those for 195 Pt (Table I ) and 189 Os (Table II) , appear to be rather reasonable.
D. Signatures of shape phase transitions
As yet another signature of the prolate-to-oblate shape phase transitions, we consider the quadrupole shape invariants [38] (denoted as q-invariants) q m (m = 2, 3, . . .) obtained from the E2 matrix elements. These quantities have already been shown [17] to be good signatures of shape phase transitions involving γ-softness. purpose in this work, the relevant q m 's read with
and
In Eqs. (6) and (7), all possible E2 transition matrix elements among the states J, J and J , that satisfy the E2 selection rule, have been considered. The indices i (j) in the sums are ordered according to increasing excitation energies of the J (J ) levels and run up to n = ∞. However, we have confirmed that only a few of the lowest transitions contribute to the q-invariants significantly [17] . In the case of even-even systems, the q-invariants for the 0 +0.988 (6) where R 0 = 1.2A 1/3 fm and (J 2J0|JJ) represents a Clebsch-Gordan coefficient.
In Fig. 16 , we have depicted the β eff and γ eff values for the even-even Pt and Os nuclei. A monotonic decrease of β eff is observed in Fig. 16(a) as one approaches the N = 126 shell closure. This agrees well with the gradual shift, from β ≈ 0.20 to β ≈ 0, in the global minima of the Gogny-D1M energy surfaces (see, Fig. 1 ). On the other hand, the γ eff value, plotted in Fig. 16(b) , exhibits a faster change with N , jumping from γ eff ≈ 25
• (at N = 110) to γ eff ≈ 40
• (from N = 110 onward) in Pt isotopes. Furthermore, the rate change is slower in the Os isotopes from N = 114 up to 118. This behavior of γ eff confirms that the prolate-to-oblate shape transition takes place. It is also consistent with the systematics of the Gogny-D1M energy surfaces.
Similar plots of β eff and γ eff , are shown in Fig. 17 for several configurations close to the ground states of oddmass nuclei. As can be seen in Figs. 17(a) (odd-N Pt) , 17(c) (odd-N Os) and 17(e) (odd-Z Ir), the deformation β eff for each state typically shows a smooth behavior as a function of N . This correlates well with the results obtained for even-even systems (see, Fig. 16 ). On the other hand, as in the case of even-even systems, a rapid change of the γ eff value from below to above γ eff ≈ 30 For those nuclei where γ eff changes abruptly, the associated even-even isotopes also show signs of a prolate-to-oblate shape transition (see, Fig. 16(b) ). 
IV. SUMMARY AND CONCLUDING REMARKS
In this paper, we have studied the prolate-to-oblate shape phase transition in neutron-rich odd-mass nuclei with mass A ≈ 190. Spectroscopic properties have been computed within a recently developed method where most of the parameters of the effective Hamiltonian of the IBFM are obtained from an EDF. To this end, the (β, γ)-deformation energy surfaces for the even-even core nuclei 186−200 Pt and 186−194 Os, spherical single-particle energies and occupation probabilities for the corresponding odd-mass systems, have been computed within a microscopic EDF framework based on constrained mean field HFB configurations obtained with the Gogny-D1M parametrization. These quantities have then been used to determine the IBFM-2 Hamiltonian. The diagonalization of the IBFM-2 Hamiltonian allows to study the properties of 185−195 Pt, 185−193 Os and 185−195 Ir. A few coupling constants, for the boson-fermion interaction, have been specifically fitted to the low-energy excitation spectra for each odd-mass nucleus. However, those parameters turned out to be almost constant or exhibit a gradual variation with nucleon number.
Our calculations account reasonably well for the spectroscopic properties of the studied odd-mass nuclei. In particular, we have identified a clear signature of a shape phase transitions by analyzing the systematic trend of the several calculated observables for the odd-mass nuclei. For instance, the evolution of the low-lying yrast states as well as the effective γ deformation parameter exhibits significant structural changes at some specific neutron numbers. Our results point to the robustness of the prolate-to-oblate shape transitions in both even-even and odd-mass nuclei in this particular mass region. The present study could be extended further to another interesting case, such as those odd-mass nuclei in neutrondeficient Pb and Hg regions, which are characterized by a spectacular case of shape coexistence phenomena. This would require a major extension of the present method, and work along this line is in progress.
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